Membrane-based treatment technologies have been introduced as a promising tool for the removal of water-borne pathogens. To ensure successful application of membrane processes, the integrity of the membrane system should be maintained. Related with evaluation of the membrane integrity, USEPA guidance recommends pressure-based membrane integrity (MIT).
INTRODUCTION
The membrane-based treatment technologies have risen to prominence as promising tools to produce safer drinking water by protecting public health from water-borne chlorine resistant pathogens (Peeters et al. 1989 ) such as Cryptosporidium oocyts and Giardia muris cysts. These micro-organisms can be removed by the size exclusion in low pressure membrane filtration process (Rose et al. 2004) .
It has been generally accepted that MF and UF can provide complete removal of all protozoan cysts of concern as long as the associated system components are intact and operating correctly ( Jacangelo et al. 1995) . The systematic investigation and detection of any possible malfunction in the membrane system is of paramount importance for effective operation. US EPA had recommended the "Membrane Integrity Test (MIT)", such as pressure decay test (PDT) in terms of monitoring the microbial removal by the membrane systems (US EPA 2005) . The PDT can diagnose the integrity breakage by observing the pressure decay rate, especially without any membrane modules disassembled. The detection ability of the smallest integrity failure is defined as "Resolution". To achieve the resolution of 3 mm, close to the size of Cryptosporidium oocyts, the test pressure should be calculated by bubble point theory. According to the bubble point theory, the applied pressure for the PDT can be estimated by the following Equation (1).
The contact angle (CA, u) which is illustrated in Figure 1 represents the physico-chemical relationship between the membrane and the test liquid. The surface tension (SFT, s)
in the Equation (1) is varied by the solution concentration and temperature. For the real membrane systems, the membrane pore shape correction factor (PSCF, k), regarded as the tortuosity of the membrane pores, is introduced to doi: 10. 2166/wst.2009.251 the right side of the Equation (1). In the case of the ideal-hydrophilic membrane (u ¼ 0) with cylindrical pore (k ¼ 1), Figure 2 shows the relationship between the pore size and the pressure applied at 208C.
The initial test pressure for the PDT can be determined with respect to the pore size according to the Figure 2 . Due to their logarithmic relationship, the test pressure has to be increased exponentially to detect of much smaller size materials accurately.
With PDT results, the log removal value (LRV DIT ) of micro-organism can be calculated by the following Equation (2).
In the Equation (2), air liquid conversion ratio (ALCR)
is defined as the ratio of air that flows through the breach during a direct integrity test to the amount of water that would flow the breach during the filtration (US EPA 2005). 
where, Y ¼ net expansion factor for compressible flow through a pipe to a larger flow area (dimensionless)
BP ¼ back pressure on the system during the PDT (kg f /cm 2 )
The purpose of this paper is to improve the resolution of the PDT results by controlling the solution chemistry and thus solution surface tension without increasing the test pressure. To control the SFT, the solution concentrations were varied from 0.0 to 1.0 M by using citric acid, sodium hydroxide and ethanol. The change of membrane surface characteristics were measured by dynamic contact angle (DCA) and atomic force microscopy (AFM). Lastly, the potential of the controlling the liquid's SFT were discussed regarding the application for the real membrane systems.
MATERIALS AND METHODS

Materials
Three common and low-cost chemicals, citric acid, sodium hydroxide and ethanol, were chosen as chemicals to control the SFT of the liquid (Patel et al. 1974) . Citric acid and sodium hydroxide are often used in chemical backwashing Table 1 .
Membrane characterizations
The SFT of each test liquids were measured by microbalance (Sigma 70, KSV Instrument, Ltd., Finland). The
SFTs of the test liquids were measured according to
Wilhelmy plate method (Holmberg 2002) . To determine the solution SFT, the standard Pt probe ring linked to a very sensitive weighing machine was repeatedly raised and immersed in the test liquids at constant temperature, 208C.
The moving velocity was set at 5 mm/min for going up and Table 2 includes the detailed specifications of pilot scale submerged membrane unit.
RESULTS AND DISCUSSION
Surface tension of the test liquids Figure 5 shows the SFT changes of the citric acids, sodium hydroxide and ethanol solutions at various concentrations. On the contrary, sodium hydroxide liquids are not considered to have the ability to control the SFT. In Figure 5 , the SFT of sodium hydroxide increases from 72
to 76 dyne/cm as the concentration becomes higher.
Hence, it can be concluded that citric acid would be more effective to control the SFT. Especially at 0.1 M of citric acid liquids, about 18 kPa can response to 2 mm of integrity breach during the PDT.
Effect of SFT variation on the physicochemical characteristics of hollow fiber
Variations of ALCR
All the average ALCR value were measured within 9.8 , 68.6 kPa with various concentrations of the test liquids. Table 3 describes average ALCR with respect to PDT results with 0.1 M of citric acid
In pilot scale plant with submerged system, the PDTs were conducted with both two types of feed liquids. The one of the primary assumptions was that the pressure decay rate (PDR) would change with variations of SFT. Figure 9 shows the results of the PDT using tap water and 0.1 M of citric acid liquid.
In case of 0.1 M of citric acid, the PDR values are greater than those of tap water in accordance with the hypothesis except at 1.0 kg f /cm 2 . The decreasing of the SFT is on account for higher PDR. The more SFT decreases, the more air flow passes through the pore or integrity breakage.
Irregular PDR at 1.0 M, which concentration is regarded as very harsh condition, proves that the SFT impact would not be significant in such concentration.
Marker test results and LRV DIT converted from PDR Figure 10 shows LRV of maker test (LRV MARKER ) with 3 mm particle and LRV DIT . In Figure 10 , perfect means that there is no integrity breaches while defect means that the membrane surface was compromised deliberately with syringe needle piercing both side of the HF. SFT makes it possible to detect the integrity breach or predict the LVR DIT with lower pressure applied vice versa.
In Figure 11 , the upper curve is down shifted due to the effect of SFT variation. From these results, controlling of the SFT can have practical implication on the initial test pressure with preservation of LRV.
CONCLUSIONS
In this study, the concentrations of the test liquids were varied to control the surface tension. The citric acid and ethanol showed the decreasing tendency of the surface tension with increasing concentration, while the sodium hydroxide increases the surface tension of the liquid. In the pressure decay test with submerged hollow fibre modules in 0.1 M of citric acid, the pressure decay rates were higher than those of the tap water. The integrity breach detection of the membrane system could be possible at 0.1 M of citric acid liquid with lower pressure. The improved resolution of pressure decay test through controlling surface tension by citric acid has practical implications. If the pressure decay test is combined with membrane chemical cleaning process, in particularly with appropriate concentration of citric acid, it can be possible to detect the integrity breach below 3 mm at much lower pressures.
